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Abstract: Lead-based perovskites have shown excellent performance for converting sunlight into electricity. 

Nevertheless, the toxic nature of lead and instability associated with these promising perovskite light absorbers 

remained the major issues of concern. This led to immense research effort in finding out alternative materials. 

Recently, both experimental and computational studies have reported the emergence of halide double perovskite 

(A2BB'X6; X = Cl, Br, I) as non-toxic and stable materials for lead-free perovskite optical absorbers. The double 

perovskites compounds attracted attention owing to their interesting properties; thermodynamic stability, 

appropriate band gap, low excitons binding energy and small carrier effective mass. In this review, 

thermodynamic stability, electronic properties, various classes of lead-free halide double perovskite, charge 

carrier transport and effective approaches for the possible substitutions of the divalent lead (Pb
2+

) cation by a 

non-toxic pair of monovalent and trivalent cations in halide double perovskites have been discussed. The review 

also highlights the current research progress on halide double perovskites as well as the future strategy aiming 

to develop a comprehensive understanding of the photovoltaic behavior of this potential material competing 

with the lead-based perovskite solar cells. 
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I. Introduction 
 Photovoltaic research community has proved the recent perovskite solar cells as the potential runner to 

compete with silicon solar cells. The first published research on perovskite-based solar cells reported power 

conversion efficiency (PCE) of ~ 3.0 % in 2009 [1] and recently 22.7 % PCE is confirmed [2].  Perovskite-based 

light absorbers attracted enormous attention by virtue of their distinctive properties; high absorption co-efficient, 

tunable band-gap, charges carrier mobility, long diffusion length and inexpensive fabrication methods  [3], [4], 

[5]. Typically there are two major architectural designs of perovskite solar cell; regular (n-i-p) and inverted 

structure [6], [7]. In regular design, the electron transporting layer is sandwiched between the conductive oxide 

glass substrate and the perovskite light harvesting layer. In contrast, the inverted design composed of the hole 

transporting layer deposited just above the conductive oxide coated glass substrate. 

 Perovskite typically refers to a class of ceramic oxides with the general formula ABX3 [8], [9]. Where 

A is organic cation (e.g ammonium, [NH4]
+
, hydroxyl-ammonium, [CH3OH]

+
, methyl-ammonium, [CH3NH3]

+
, 

formamidinium, [CH(NH2)2]
+
, ethyl-ammonium, [CH3CH2)NH3]

+
,  K

+
 and Cs

+
 etc)  is at the corners of a cube, 

the X
-
 anion (commonly halogens: F

-
, Br

-
, Cl

-
, I

-
) is in the middle of each faces and the small B

+
 cation is in the 

middle of the octahedral sites formed by the anions.  B is inorganic cation, like group 14 element (e.g Pb
2+

, Sn
2+

, 

Ge
2+

), alkaline earth metals (such as Mg
2+

, Ca
2+

 e.t.c), transition divalent metals (such as Cu
2+

, Zn
2+ 

e.t.c), and 

lanthanide (e.g Eu
2+

, Yb
2+

). Each aforementioned B
+
 cation could be used as an alternative to replace divalent 

lead cation (Pb
2+

) [10]. In a conventional perovskite solar cell (MAPbI3);  [CH3NH3]
+
, Pb

2+
, and I

-
 occupied 

―A‖, ―B‖ and ―X‖ sites respectively and formed 3D perovskite structure involving a corner sharing of [BX6]
-
 

octahedral where ―A‖ occupied 12-fold coordinates and counter balanced the charge of BX3 [11]. ABX3 

structure gives room for modifications in which a range of similar cation or anion with different ionic radius can 

be substituted [12].  

 Goldschmidt Tolerance Factor (GTF) expression is usually adopted for the cations and anions match as 

direct substitution might result in distorted perovskite structure or non perovskite. Goldschmidt Tolerance 

Factor (GTF) is a dimensionless empirical index which can predict regular crystal structure of a perovskite as 

shown in equation 1 [12].  
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                                              𝑡 =  
𝑟𝐴  + 𝑟𝑋

 

 2 (𝑟𝐵+ 𝑟𝑋  )
                                                  (1) 

Where 𝑡  is the Goldschmidt Tolerance Factor (GTF),  𝑟𝐴  represent ionic radius of organic-cation (A),  𝑟𝐵  ionic 

radius of metal- cation (B), and 𝑟𝑋  ionic radius of halide- anion (X).                        
Ideally, GTF, in between 0.9 – 1.0 possesses ideal cubic structure. GTF less than 0.71 or greater than 1.0 result 

in forming unwanted perovskite structures [13]. When GTF < 0.8, indicates that organic cation (A) is very small 

and this can distort the formation of the perovskite structure, and when GTF > 1, the organic cation is very large 

and this also can result into the formation of non-perovskite. Generally perovskite structure can be obtained in 

the range, 0.8 ≤ GTF ≤ 1.0 [13]. High GTF limit for hybrid iodide perovskites is in the range 1.06 - 1.07 [14]. 

GTF could not accurately predict ionic radius for hybrid perovskite due to organic cation (A) and hydrogen 

bond. This complexity is solved by Cheetham and co-workers by applying rigid sphere model for organic 

cations and assumed rotational freedom and extended the Goldschmidt Tolerance Factor equation to 2 [15].  

                             𝑡 =  
𝑟𝐴,𝑒𝑓𝑓   + 𝑟𝑋

 

 2 (𝑟𝐵+ 𝑟𝑋  )
                                                      (2)  

𝑟𝐴,𝑒𝑓𝑓  is given as 𝑟𝑚𝑎𝑠𝑠 +  𝑟𝑖𝑜𝑛   Where 𝑟𝑚𝑎𝑠𝑠 =  the distance from the cation’s center of mass to the atom with the 

largest distance to the center of  mass, with the exception of H atoms, 𝑟𝑖𝑜𝑛  =   is the corresponding ionic radius 

[12]. To ascertain the suitability of B- component cation into X6, octahedral factor (µ) expression could be 

applied given in equation 3 resulting in predicting the perovskite stability with µ > 0.41[14]. 

   µ =  
𝑟𝐵

𝑟𝑋
                                            (3) 

 The most efficient divalent metal cation in perovskite-based solar cells is lead (Pb
2+

)  [16]. Lead-based 

perovskites are one of the major obstacles hindering the implementation and commercialization of this cost 

effective and efficient solar cells due to toxicity issue of lead [17]. Essentially Pb has no useful role to play in 

the human bodies, and lead poisoning is responsible for ~ 0.6 % global diseases with the high risk  and negative 

effect on children than adults [18]. To eliminate the toxicity issue in perovskite solar cells, photovoltaic research 

community published several reports towards achieving a lead-free based perovskite solar cells, and the reports 

shown significant improvement in extracting and identifying potential candidates to replace for better efficiency 

and stability [19]. Recently power conversion efficiency (PCE)  of 9.0 % was obtained in tin-based  perovskite 

which is the highest PCE reported in lead-free organic-inorganic halide perovskite solar cells [20]. 

 Another approach towards eliminating lead (Pb
2+

) is by substituting B-site with a pair of heterovalent 

inorganic cations with +1 and +3 metal cations show a promising direction to solve toxicity issue devolving 

large scale commercialization. This rises to a new set of perovskite structure with general molecular formula 

A2BB'X6 known as Double Perovskite (Elpasolites). The typical structure of the halide double perovskites is 

indicated in figure 1. Where A could be small cation (e.g Cs or methyl-ammonium), B are metals with +1 

charge state (such as Ag, Cu, Au, K, Na, and Tl),  B' are elements with +3 charge state (such as Bi, Sb, In, and 

Ga) and X are halogens (I, Br, Cl) [21], [22], [23], [24]. In this new approach, the regular 3D structure of the 

perovskite is maintained but the metal cation (Pb2+) at B-site is being substituted by a pair of heterovalent 

cations with +1 and +3 valence state [21]. The A-site ordered double perovskite AA'BX6 and quadruple 

perovskite AA'BB'X6 were synthesized but not yet have been found as minerals [25]. [26], used combinatory 

materials processes and identified fourteen (14) potential double perovskite based on the following 

requirements; thermodynamic stability, optical absorption, ambipolar carrier conduction and easy carrier, and 

photon-induced carrier dissociation. 

 The successful promising candidates are as follows; Cs2CuSbI6, Cs2CuSBr6, Cs2CuBiBr6, Cs2AgBiBr6, 

Cs2AgSbI6, Cs2AgBiI6, Cs2AuSbCl6, Cs2AuBiCl6, Cs2CuSbI6, Cs2AuBiBr6, Cs2InSbCl6, Cs2CuSbI6, Cs2InBiCl6, 

Cs2TlSbBr6, Cs2TlSbI6, Cs2TlBiBr6. The author further excluded three Tl-based compounds considering the 

toxicity of thallium (Tl). Class of compound with B' = Cu
+
, Ag+, and Au

+
 (e.g Cs2AgBiBr6) found to have 

indirect band gaps and those with direct band gap are have a large optical band gap. This results in poor light 

absorption and non radiating recombination loss [22].  
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Figure 1. Crystal Structure of Double Perovskite, A2BB'X6 (A cation is surrounded by BX6 and B'X6) [27].  

 

II.   Phase Stability Of Double Perovskite, A2bb'x6 

Excellent stability of double perovskite upon exposure to the environmental condition has been 

recently reported [28], [23], [29]. GTF (t) and octahedral factor (µ) are usually the two empirical quantities used 

to determine structural stability of the double perovskite materials for solar cells application. GTF shows limited 

accuracy for predicting the stability of certain hybrid halide perovskites [14]. Hence, a new one-dimensional  

tolerance factor ꞇ has been used that take into consideration both the oxidation states and Shannon ionic radii as 

expressed in equation 4 [27].                               

   ꞇ = 
𝑟𝑋

𝑟𝐵
 −  𝜂𝐴 (𝜂𝐴 − 

𝑟𝐴
𝑟𝐵

ln (
𝑟𝐴
𝑟𝐵

)
)         (4) 

 Where  𝜂𝐴 is the oxidation state of A. 

[27], predicted the stability of several inorganic (Cs2BB'Cl6) and hybrid organic-inorganic (MA2BB'Br6) double 

perovskite compounds significantly better than the commonly Goldschmidt tolerance factor t. The author used 

data analytic approach based on SISSO (Sure Independence Screening and Sparsifying Operator) and the one 

dimensional tolerance factor ꞇ.  

 The long term stability of double perovskite is not yet reported [30].  Hence there is wider room to 

investigate stable double perovskite to compete with the conventional MAPbI3 based perovskite. To investigate 

the chemical stability of the double perovskite material, decomposition enthalpy with respect to possible 

pathway can be calculated by employing equation 5. 

                      𝛥𝐻 = 2𝐸 𝐴𝑋 +  𝐸 𝐵𝑋 +  𝐸 B′X3 −  E[A2BB′X6]            (5) 

The above equation interprets the difference between the decomposed binary products and the compound 

(A2BB'X6). Moreover, for the stability of Cs2AgBiBr6,  [31] calculated the decomposition enthalpies (𝛥𝐻𝑑 ) 

using the following equations: 

Cs2AgBiBr6    2CsAgBr + AgBr + BiBr3                     𝛥𝐻𝑑  = 0.64 eV     (6) 

  Cs2AgBiBr6     
1

2
CsBr + AgBr + 

1

2
Cs3Bi2Br9             𝛥𝐻𝑑  = 0.24 eV     (7) 

Cs2AgBiBr6    
1

4
Cs2AgBr3 + 

3

4
AgBr   + 

1

2
 Cs3Bi2Br9    𝛥𝐻𝑑  = 0.16 eV    (8) 

Cs2AgBiBr6    
1

2
 Cs2AgBr2 + 

1

2
AgBr + 

1

2
 Cs3Bi2Br9  𝛥𝐻𝑑  = 0.11 eV   (9) 

Further research revealed that Cs2AgBiI6 found to be unstable when considering the decomposition in equation 

10 with 𝛥𝐻 = - 0.41 eV [32]. 

Cs3Bi2X9 + 2AgX + CsX                    2Cs2AgBiX6       (10) 

Similarly, [31] has estimated the decomposition value for Cs2AgBiI6 to be – 0.47 eV per formula unit through 

the decomposition pathway in equation 9 
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Cs2AgBiI6          
1

2
CsAg2I3 + 

1

2
Cs3Bi2I9          (11) 

 

The equations 10 and equation 11 above indicate that the Cs2AgBiI6 might be decomposed 

spontaneously, thus, thermodynamic equilibrium conditions could be hardly satisfied. Incorporation of either I, 

Cu or Br into one of the identified stable double perovskite could be reduced the band gap and also enhanced the 

stability. Using this effective approach, [23] has mixed Cs2BiAgCl6 with Cu and resulted structure Cs2BiAg1-

xCuxCl6 demonstrated remarkable stability. The inconsistency between the experimental and theoretical studies 

of the thermodynamic stability of Cs2AgBiBr6 proven that the previous first principle calculation of the 

thermodynamic stability of Cs2AgBiBr6 is incorrect. The commonly used Perdew, Burke, Ernzerhop (PBE) 

failed to predict the ground state structure of AgBr, AgCl, and CsCl [59].  

 

III. Electronic Properties Of Double Perovskite (A2bb'x6) 
The double perovskites with direct band gap are at higher energy level than those with  the indirect 

band gap [22]. Characteristically, the band gap is the only yardstick for determining the absorption properties of 

a semiconducting material  [23]. By considering an electronic configuration, [26] has classified the double 

perovskite materials into three main categories: Class-I having  an empty s and d outmost orbital (where B' = 

Na
+
, K

+
 and Rb

+
), class-II having an empty s but full d outmost orbital (with B' = Cu

+
, Ag

+
 and Au

+
 ), and class-

III possessing full s outmost orbital (B' = In
+
 and Tl

+
). The large indirect band gaps exhibited by several double 

perovskite materials including Cs2AgBiX6 might be due to the chemical mismatch between B and B' 

heterovalent cations. [32], demonstrated that the combination of Ag
+ 

and Bi
3+

 results to the large indirect band 

gaps owing to a mismatch in the atomic orbital. Table 1 shows both calculated and experimental band gaps of 

several double perovskite materials. 

 

Table 1. Experimental and calculated optical band gaps of double perovskite (direct band gaps are marked with 

an arrow) 
Material Band gap (eV) Calculated/Experimental Reference 

Cs2BiCuCl6 2.0 Calculated [33] 

Cs2BiAgCl6 2.7 Calculated [33] 

Cs2BiAuCl6 1.6 Calculated [33] 

Cs2BiCuBr6 1.9 Calculated [33] 

Cs2BiAgBr6 2.3 Calculated [33] 

Cs2BiAuBr6 1.1 Calculated [33] 

Cs2BiCuI6 1.3 Calculated [33] 

Cs2BiAgI6 1.6 Calculated [33] 

Cs2BiAuI6 0.5 Calculated [33] 

Cs2SbCuCl6 2.1 Calculated [33] 

Cs2SbAgCl6 2.6 Calculated [33] 

Cs2SbAuCl6 1.3 Calculated [33] 

Cs2SbCuBr6 1.6 Calculated [33] 

Cs2SbAgBr6 1.9 Calculated [33] 

Cs2SbAuBr6 0.7 Calculated [33] 

Cs2SbCuI6 0.9 Calculated [33] 

Cs2SbAgI6 1.1 Calculated [33] 

Cs2SbAuI6 0.0 Calculated [33] 

MA2AgSbI6 1.93/2.00 Experimental/calculated [34] 

Cs2AgBi0.625Sb0.735Br6 1.86 Experimental  [24] 

 

MA2KBiCl6 

3.04 Calculated [35] 

Cs2InAgCl6 3.3 Experimental [36] 

Cs4CuSb2Cl12 1.0 Experimental [37] 

Cs2TiI2Br4 ~ 1.38 Experimental [38] 

Rb2CuInCl6 1.36ꜛ Calculated [39] 

Rb2AgInBr6 1.46ꜛ Calculated [39] 

Cs2AgInBr6 1.50ꜛ Calculated [39] 

Cs2AgInCl6 2.52ꜛ Calculated [39] 

Rb2AgInCl6 2.50ꜛ Calculated [39] 

Rb2AgInBr6 0.63ꜛ Calculated [39] 

Cs2AgBiBr6 1.95 Calculated [40] 

 

IV. Cs2bb'x6 Double Perovskite And Its Family 
Substitution of a lead (Pb2+) metal cation by a pair of trivalent metal (such as Bi

3+
, Sb

3+
, Ga

3+
, and 

In
3+

) and monovalent element (such as Cu
+
, Ag

+
, Au

+
) results to a halide double perovskite optical absorber. 

This type of absorbers maintained the 3D corner sharing octahedral and the neutrality of the cubic structure, 

which is essential for the appropriate optical band gap and isotropic carrier transport properties [41], [23]. 
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Besides these properties, the double perovskites also demonstrate ferroelectric and ferromagnetic characteristics 

[42]. Theoretical and experimental reports have revealed that the double perovskite light absorbers exhibit high 

optical absorbing efficiency in the visible range of the solar spectrum and significant moisture stability in 

ambient temperature [43]. With respect to the pair combination of B and B', the halide double perovskite could 

be categorized into four categories: (1) nitrogen family/alkali metals (B = Bi
3+ 

and B' = Na+, K+), (2) nitrogen 

family/transition metals (B = Bi
3+ 

Sb
3+  

and B' = Tl
+
, In

+
), (3) post transition/noble metals (B = In

3+ 
Ga

3+  
and B' = 

Cu
+
, Ag

+
), and (4) nitrogen family/noble metals (B = Bi

3+ 
Sb

3+  
and B' = Cu

+
, Ag

+
, Au

+
) [23].  

 

4.0.1 Nitrogen Family/Alkali Metals (B = Bi
3+ 

and B' = Na
+
, K

+
, Rb

+
) 

The typical example of this compound is Cs2NaBiCl6. This class of materials is not suitable optical 

absorbers due to relatively large band gap. The large band gap resulted from the anti-bonding state between Bi-s 

and Cl-p [26]. Changing the elemental composition in B'-site (from Na
+
 to K

+
, to Rb

+
) could significantly 

increase the B'- s orbital energy, lifting the conduction bang maximum (CBM) and at the same time forming a p-

s coupling between B and X6. Thus, resulting in expanding the size of B'X6 octahedral, contracting BX6 

octahedral and elevating the valence band maximum (VBM) [42]. This indicates that choosing an appropriate 

element in B'-site and suitable halogen is important in obtaining a desirable band gap. 

  Pair of nitrogen family (such as Bi
3+

) and alkali metal (such as K
+
) could be used instead of the 

divalent lead metal with methyl-ammonium iodide (MA) to form the pnictogen/alkali metals double perovskite 

structure. [35], reported (MA)2KBiCl6 in which methyl-ammonium iodide (MA) occupied the A-site cavities to 

complete the double perovskite structure and maintain the 3D network. The author revealed that band gap of 

3.04 eV is obtained from Tauc plot and this is not appropriate for light absorbers in solar cells application. An 

effort has made to reduce the wider band gap by synthesizing (MA)2TlBiBr6 which was found to be 

isoelectronic with MAPbBr3 with an optical band gap of ~ 2.0 Ev. The obtained band gap is much smaller than 

the band gap exhibited by (MA)2KBiCl6 [44]. 

 

4.0.2 Nitrogen Family/Transition Metals (B = Bi
3+ 

Sb
3+ 

and B' = Tl
+
, In

+
) 

This type of compound, typically, Cs2InBiCl6 have found to show a direct band gap. The band gap 

characteristics of these materials are quite analogous to APbX3 based perovskite absorbers due to similar fully 

occupied outmost s orbital of both Bi
3+

 and In
+
 [26]. The B'-group plays a vital role in determining the direct 

band gap or indirect band gap of the double perovskite solar cells. [44] has reported that the band gap is direct 

when B' = Tl
+
, but the band gap is indirect when B' = Cu

+
 or Ag

+
 due to the large density of 3d states closer to 

the VBM of the Cu
+
 or Ag

+
.  The direct band gap could be easily achieved in lead-free halide double perovskite 

by including an atom with valence s states (such as Tl). To verify this, [32] computationally investigated 

Cs2BiTlBr6 double perovskite where Ag is replaced by Tl and found that s state  in Tl could be mixed with Bi s 

and anions state, resulting to a direct allowed transition at Γ. The author also noted that the Tl in Cs2BB'X6 plays 

a major role in resembling band features of the Cs2Pb2Br6 perovskite structure. 

  On the other hand, toxic nature of Tl counts out compound containing Tl as an alternative candidate to 

lead-based perovskite. However, the non-toxic (MA)2BiInBr6 has not been experimentally reported due to the 

oxidation of In from +1 to +3 states upon exposure to moisture  [23]. However, computational calculations 

predicted Cs2InBiCl6 and Cs2InSbCl6 as best halide double perovskite absorbers owing to their direct band gap 

and small effective masses for both electrons (e
-
) and holes (h

+
) [45]. Further results indicate that the In(I)-based 

double perovskite are unstable upon exposure to air. An oxidation-reduction reaction is to be considered in 

predicting the stability of these compounds. 

 

4.0.3 Post Transition/Noble Metals (B = In
3+ 

Ga
3+ 

and B' = Cu
+
, Ag

+
) 

Recently, double perovskite based on a pair combination of post transition metals (In
3+ 

Ga
3+

) and noble 

(Cu
+
, Ag

+
) have been reported. From first principle calculations, [39] studied the thermodynamic stability and 

optoelectronic properties of six (6) different post transition/noble metals based double perovskite compounds; 

Cs2AgInCl6, Cs2AgInBr6, Rb2AgInCl6, Rb2AgInBr6, Rb2CuInCl6, and Rb2AgInBr6 and shown a calculated direct 

band gaps of 2.52, 1.50, 2.50, 1.46, 1.36 and 0.63 eV respectively. Besides, these compounds exhibit good 

thermodynamic stability and combination of light electron and heavy hole effective masses. Figure 3 indicates 

the calculated band gap against the decomposition enthalpy. Post transition (In
3+

)/noble metals (Ag
+
) is believed 

to be a noble direct band gap halide double perovskite with space group Fm3m. Both the first principle 

calculations and the experimental reports revealed that Cs2AgInCl6 structure exhibits a direct bang gap of 3.3 eV 

[36]. Furthermore, an empirical analysis on stability of Cs2AgInX6 with respect to their mixed halides based on 

Goldschmidt tolerance factor (t) and octahedral factor (µ) confirm that Cs2InAg(Cl1 _x)6 for x < 1 is 

thermodynamically stable [36].  
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Figure 3. Calculated band gaps plotted against the decomposition enthalpy of all the post transition 

metals/noble metals halide double perovskite [39]. Reproduced with permission from [39]. Copyright, American 

Chemical Society, 2017 

 

4.0.4 Nitrogen Family/Noble metals (B = Bi
3+ 

Sb
3+ 

and B' = Cu
+
, Ag

+
, Au

+
) 

Majority of the halide double perovskite having indirect band gaps are belong to this category. The 

indirect band gap associated with the nitrogen family/noble metals could hinder the optimal light absorption 

efficiency. The typical example of this class is Cs2AgBiCl6. In this material, The indirect band gap is caused by 

a larger off-centered p-d coupling due to the antibonding hybridized state of Ag-d and Cl-p orbitals and it also 

contributed by the Bi-s resulting to the mismatch between the Ag-d and the Bi-s orbitals [26]. Nevertheless, 

Cs2AgBiCl6 possesses an interesting property of lone-pair s electron of Bi hoping to imitate the high 

photovoltaic performance of MAPbI3 originated from Pb lone-pair s orbital [30]. Noble metals Cu
+
, Ag

+
, Au

+
) 

are usually used in the B' site as monovalent cation due to their good optoelectronic properties [52]. 

 Cs2AgBiCl6 and Cs2AgBiCl6 are the first halide double perovskite successfully synthesized using both 

solid state and solution processable method by [46]. The author reported an indirect band gap of 2.19 eV and 

2.77 eV for Cs2AgBiBr6 and Cs2AgBiCl6 respectively. Both compounds have shown remarkable stability upon 

exposure to air. An optical band gap of  stable (MA)2AgSbI6 are reported to be 1.93 and 2.00 eV using 

experimental studies and Density Functional Theory (DFT) calculations respectively [34]. [40] has also reported 

Cs2AgBiBr6, and the device has shown longer moisture stability compared to CH3NH3PbI3. In contrast, [31] 

examined the thermodynamic stability of Cs2AgBiBr6 using DFT calculations and revealed that the Cs2AgBiBr6 

is less stable than the MAPbBr3 due to weak coupling between Bi 6s and Br 6p in the double perovskite 

Cs2AgBiBr6 unlike the strong Pb 6s and halogen p coupling in lead-based halide perovskites. Further effort to 

improve the overall photovoltaic performance of the halide double perovskite is to study their dimensional 

confinement. [47], synthesized a two-dimensional (2D) double perovskites; [CH3(CH2)3NH3]CsAgBiBr8 and 

[CH3(CH2)3NH3]CsAgBiBr7 analogues of the earlier reported three-dimensional (3D) Cs2AgBiBr6 structure. The 

results indicate that the indirect band gap property of the 3D Cs2AgBiBr6 could be turned to direct band gap in 

the synthesized layered double perovskites. 

 Choosing an appropriate synthetic method can easily enhance the stability and increase the optical 

absorption efficiency of the double perovskites. Nano-crystals of Cs2AgBiI6 was synthesized using an anion 

exchange reaction by treatment with trimethylsilyl (TMSI). The fabricated device displays strong absorption in 

the entire visible region and a narrow band gap (~ 1.75 eV) is obtained [48]. Elastic and thermal properties of 

Cs2AgBiBr6 have examined via density functional theory (DFT) calculations and the results obtained were 

confirmed by the experimental characterizations. The obtained results indicate that the mechanical and thermal 

performance of Cs2AgBiBr6 is appreciably better compared to CH3NH3PbBr3 based perovskites [43]. Band gap 

engineering plays a vital role in achieving outstanding photovoltaic (PV) performance within this type of halide 

perovskites.   [24], tailored the band structure of Cs2AgBiBr6 (2.0 eV) via alloying different quantities of Sb/In 

using DFT with hybrid functional plus spin orbital coupling (HSE+SOC). The calculated indirect band gap is 

reduced to 1.86eV in Cs2Ag(Bi0.625Sb0.25)Br6. This shows that band gap of the double perovskite could be tuned 
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by changing their chemical compositions. [29], demonstrated the fabrication of Cs2AgBiBr6 via spin coating 

method and achieved power conversion efficiency (PCE) OF 2.5% as shown in figure 4. The device has proved 

halide double perovskite as a promising non-toxic and stable material for Pb-free perovskite solar cells. From 

the studies of the synthesis conditions, the author suggested the necessity of high annealing temperature (about 

250
o
C) for the formation of desired and efficient double perovskite solar cells. For the necessity of high 

annealing temperature, post annealing ang anti-solvent engineering technique were employed in an inverted 

planar structure solar cell based on Cs2AgBiBr6 and obtained a power conversion efficiency of 2.2 % [53]. 

 Long charge carrier diffusion length > 100 nm was observed in planar structure based on Cs2AgBiBr6 

double perovskite solar cells. The results yielded 1% efficiency showing the possibility of the compound in 

other photovoltaic applications [54]. Good charge transport and extraction has significant effect on photovoltaic 

performance in solar cells.  [55] used transient absorption spectroscopy and studied the photocarrier population 

in Cs2AgBiBr6 and calculated a life time and steady state carrier density of 1.4 µs and 2.2 X 10
16

cm
-3

 

respectively. The calculated value is greater than the steady carrier density obtained in MAPbI3 (5.2 X 10
15

 cm
-

3
). This indicates that Cs2AgBiBr6 has low resistance to charge transport. Similarly, [56] developed a model 

describing the kinetic process of a photogenerated charge carriers both near the surface and in the bulk of 

Cs2AgBiBr6 material. The author observed a shallow electron and hole trap state in the bulk of the Cs2AgBiBr6 

perovskite. This is an evidenced of mobile charges after under illumination. Another technique was also 

employed and studied the charge transport in Cs2AgBiBr6 and Cs2AgBi1-xSbxBr6. 

 Temperature dependent time resolved microwave conductivity (TRMC) revealed that the dominant 

scattering process determine the charge transport in halide double perovskite is phonon scattering similar to the 

one in Pb-based perovskite [60] Nevertheless, double perovskite based solar cells suffered from the effect of 

hysteresis. To reduce this effect Cs2AgBiBr6 compound, [57] overcome the effect of hysteresis and increase the 

open circuit voltage in Cs2AgBiBr6 solar cells via interface engineering and material deposition technique. This 

shows that Cs2AgBiBr6 is a promising alternative light absorber in lead-free perovskite solar cells.    

 

 
Figure 4. (a) PCE of the device as a function of preheating temperature (b) PCE of the device as a function of 

annealing temperature (c) J-V characteristic curve of the best performing device and (d) EQE spectrum (black) 

and integrated predicted current (red) of the device [29]. Reproduced with permission from [29]. Copyright 

2017, Royal Society of Chemistry 
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Very recently, high stability and PCE of 1.37 % were presented using Cs2AgBiBr6  double perovskite 

absorber fabricated in  ITO/SnO2/ Cs2AgBiBr6/P3HT/Au structure under ambient conditions (temperature; 20-

30
o
C, relative humidity; 40-60 %) [28]. The surface defect of Cs2AgBiX6 (X = Cl, Br, I) nanocrystals have 

recently been studied by [49]. The results prove tunable emission (from 395-575 nm) and sub-band gap trapping 

(originated from surface defects). The trapping process could be resisted by oleic acid. Doping  Cs2AgBiX6 (X = 

Cl, Br, I) with small amount of Pb
2+

 at both B and B'-sites via Density Functional Theory (DFT) has changed the 

indirect band gap to direct band gap [22]. Solution processing via two-step sequential deposition could be a 

promising method to synthesize Cs2AgBiBr6 [50]. [51], synthesized for the first time MASbSI2 to prove the 

possibility of substituting divalent metal cation by +3 and +4 charged cations. Power conversion efficiency of 

3.08 % is obtained using MASbSI2.This study indicates that the chalcogenide can be incorporated into halide 

perovskite materials for efficient and cost effective perovskite light absorbers. 

 

V. Conclusion 
Halide double perovskites have attracted tremendous attention in the photovoltaic community. Both 

experimental and computational studies were conducted aiming to investigate non-toxic, efficient and stable 

halide double perovskite light absorbers to replace lead-based perovskites. In the search to a desired trivalent 

cation, bismuth (Bi
3+

) and antimony (Sb
3+

) have emerged as the best suitable and ruled out arsenic due to its 

toxic nature. For the monovalent cations, silver (Ag
+
), copper (Cu

+
) and gold (Au

+
) are found to be highly 

promising due their better electrical conductivity. Among all the reported compounds in this noble class, 

Cs2AgBiBr6 was the only one experimentally fabricated working device and achieved the highest PCE of 2.5 %. 

Generally, the optoelectronic performance of the halide double perovskites A2BB'X6 depends solely on the 

atomic orbitals and the positions of B and B' cations in the double perovskite structure. It was found that the 

direct band-gap is obtained when B' is In
+
 or Tl

+
 while the band-gap is indirect when B' is Cu

+
 or Ag

+.
 Thus, the 

electronic structure could be tuned by controlling the lattice sites occupied by the B and B' cations combination. 

Therefore, to overcome the prevailing challenges associated with the double halide perovskites, B/B' cation 

combination and configuration required a systematic studies and comprehensive understanding [58].This can be 

an effective approach for future research to improve the overall performance of the halide double perovskite 

solar cells. Furthermore, employing the recent developed modified tolerance factor ꞇ would be an accurate 

method to determine the stability of the halide double perovskites. We hope this review will motivate further 

experimental synthesis and computational studies to explore high efficient, stable and non-toxic halide double 

perovskite materials for photovoltaic applications.  
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